ABSTRACT. The production of sulfate in cloud droplets, and the attendant depletion of sulfur dioxide (SO2) oxidants were studied in wintertime orographic clouds over southeastern Wyoming. By periodic (5-20 min) releases of SO 2 into the cloud the mixing ratio of SO 2 was raised to about double its background value of 0. who observe a factor of 3 or larger discrepancy between laboratory and field measurements of the H202/802 reaction rate.
Introduction
The dominant sources of atmospheric sulfur dioxide (SO2) are man-made emissions and the gas phase oxidation of biogenic dimethylsulfide [Warneck, 1988] . Reaction of SO2 occurs via a variety of pathways. Gas phase reaction with the hydroxyl radical leads to a SO 2 half-life of 7-14 days under conditions typical of midlatitude wintertime insolation . In comparison, the reactions of SO 2 dissolved in cloud droplets yield lifetimes 10-100 times shorter. Therefore in-cloud reactions constitute a major factor for regional and for global removal of SO 2. The quoted range of in-cloud lifetimes is based on laboratory kinetic investigations of the hydrogen peroxide (H202) and ozone (03) reactions with sulfur in the +4 oxidation state (S(IV)) [Hoffmann and Calvert, 1985; Hoffmann, 1986] and on data obtained in field studies [Hegg and Hobbs, 1982; Gervat et al., 1988] . However, there are important uncertainties in these values. 
Experimental Site: Observatory Elk Mountain
The Elk Mountain Observatory (EMO) (see Figure 1) , is located at 3.3 km altitude (above mean sea level (msl)) in a col near the western summit of Elk Mountain (3.4 km msl). During these experiments all gas phase chemistry measurements and cloud water sampling were conducted at EMO. Instrumentation at the EMO facility consisted of a wind sensor located on the western summit, meteorological sensors mounted on a platform 5 m above the snow surface and 10 m west of the observatory building, rime ice collectors also located on the platform, and a Commonwealth Scientific and Industrial Research Organization (CSIRO) probe [King et al., 1978] mounted in a wind tunnel next to the platform. Air intake for the gas phase chemistry instrumentation, located within the observatory building, was through an inverted J pipe of 7.3 cm diameter.
The Brush Creek site, where a PAM-II automated weather station [Brock et al., 1986 ] and the gas release system were located, is 4.5 km southwest of EMO at an elevation of 2.5 km msl. The release of either SF 6 or SO 2 could be initiated from EMO via radio signals. The field experiments were conducted during periods when the EMO was enveloped in "cap" clouds and when southwesterly surface winds provided effective channeling of the flow to the EMO along Brush Creek canyon. SF 6 releases (duration 1-5 min) were conducted before, during, and aRer longer-duration (•15 min) SO2 releases. In some of the field experiments, cloud base elevation was determined using pilot balloons released from the Brush Creek site.
Methods

Composition of Air and Cloud Water
Instruments for continuous measurement of SF 6 (Scientech Incorporated, model LBF-3), SO 2 (Columbia Scientific Industries, model SA-260), hydroperoxides , and O3 (Thermoelectron Corporation, model 49) were operated at EMO. Analog signals from these devices were recorded at 1 Hz using a Hewlett Packard MX-1000 minicomputer. Further details on sensor response times and analytical precision are available elsewhere [Snider et al., 1992] .
Cloud water samples were collected at EMO as rime ice deposits, using a rotating dual-arm wire grid [Snider et al., 1992] . Since concurrent measurements of cloud droplet number concentration or size were not conducted, only estimates of the droplet capture efficiencies, based on droplet spectra summarized in both Rogers et al. [1983] Analytical techniques consisted of ion chromatography for inorganic anions (Dionex HPIC-AS4 and AMMS-1 columns, 4 mM NaHCO3/1 mM Na2CO 3 eluent), monovalent cations (Dionex HPIC-CS1 and CMMS-1 columns, 5 mM HC1 eluent), and for the organic acid anions (Dionex APIC-AS4 and AMMS-1 columns, 22 mM Na2B407 eluent). Divalent cations were analyzed using flame atomic absorption spectroscopy. Sample pH was determined using a glass electrode (Orion model 811500). Concentrations of the formic acid species were 2-3 times larger than those of the acetic acid species. Because of this concentration difference and because of the smaller pK^ of HCO2H, only the formic acid data were considered in the model studies.
During the 1989 experiments, inorganic anion concentrations and pH were determined within 30 min of sample collection.
Derived Quantities
Hydrogen peroxide depletion (DH2o2, parts per billion by volulme (ppbv)) is derived from averages of total H202 (gas plus aqueous) during SO 2 plume (X•12o2) and background (Xbmo•) sampling intervals'
We calculate Xmo, as the sum of the gas phase H202 mixing ratio and the amount of H202 measured in the cloud water samples (also expressed as a gas phase mixing ratio). 
Subcloud Measurements and SO 2 Reaction Times
Relative humidity at the PAM-II station was measured using a Rotronix MP-100 probe and converted to dew point temperature (Tr•p) using the PAM-II dry bulb temperature measurement (Tp^•). Independently, Tr• P was also obtained from psychrometer measurements using a 10% ethanol solution (4.5 øC freezing point depression) on the wet bulb sensor. The two measurements of Tr• P were in agreement within +0.5 øC.
The lifted condensation level (LCL) was calculated as LCL = 122(TvA•-Tm,) Table 2 Table 3 identifies the three models used in the following analysis and the principal capabilities and limitations of each. An assumption common to all of the calculations is that the in-cloud reaction temperature is equal to TEMO.
It is evident from
Model Description
Description of Three Models
Values of Rso 2 calculated using the pseudo-first-order model and values of Dmo 2 calculated using the analytic model are compared with field observations in sections 7.1 and 8.1, respectively. The analytic and the pseudo-first-order models, described in the Appendix, are predicated on the assumption that S(IV) is oxidized by only one coreactant.
The numerical model calculates the time evolution of the activities and concentrations of 26 aqueous phase species and the mixing ratios of 10 gas phase species. It is assumed that cloud water composition at any instant in time is uniform over a population of monodisperse droplets. The numerical model and the measurements that are used to initialize it are discussed below. Table 5 , are identified by the subscript i =1 (NH3) through i=10 (HNO3). The aqueous phase equilibria (Table 6) 
Model Initialization and Input
The lower boundary of the hatched region defines values of [S(IV)]T corresponding to the SO2(g)/H20 system. The shaded area defines a region of enhanced values of [S(IV)]T due to the formation of sulfitoiron(III)
complexes. Table 7 
where [ti] symbolizes the concentration of coreactant, [S(IV)j] identifies a particular S(IV) species, and the second-order rate coefficient (ki) is a function of the rate constants given in
Precipitation of solid Mn(OH):(•) only occurs at pH values > 8, so we also assume that Mn(II) in cloud water is
present as the free ion. 
The hydrogen ion dependence of the dissolved Fe(III) species concentration, [Fe(III)]T (i.e., the sum of [Fe(SOa)(OH)ø], [Fe(SO•)+], [Fe(OH):+], [Fe(OH):+], and [Fea+]), and the dissolved S(IV) species concentration, [S(IV)]x (i.e., the sum of [Fe(SO3)(OH)ø], [Fe(SO3)+], [SO22-], [HSO;], and [SO2]), are plotted in
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where bt is the time step (0.02 s) and Xi, t is the time-dependent total mixing ratio of S(IV) coreactant. The time-dependent mixing ratios of SO 2 (Xso:) and the S(VI) species resulting from aqueous SO2 oxidation (Xsvi) were calculated using (11) and (12).
i•j=4 d[S(IV)j] 6 tL(t)RT•taoC • • V i• (11) XSVI't+ •t =XsvI't-Pv_•o i=6 j=l dt i••=4 d[S(IV)]j] (12) 6tL(t)RT•taoC • • vi Xso2't+tit =Xso2't + PEMO i--5 j=l dt
In (11) and (12), v i is a stoichiometric coefficient that is equal to unity for all of the reaction pathways except the O2/S(IV ) reaction (v 7 = 2). The different ranges of the summation variable "i" iv. (11) and (12) reflect the fact that the HCHO/S(IV) pathway does not produce S(VI).
Gas-to-Droplet Mass Transfer
The fluxes of gaseous HNO 3 and NH 3 to the cloud droplets were calculated using a finite difference form of the Fuchs-Sutugin mass transport equation [ 
Calculation of [H +] and Buffering Intensities
+ [Fe(OH)•] +[Fe(SO3)* ] +[M *] +[NH•] -2[s042-]_ -1 -[HSO]i -2[SO2-] -[HCO] -[NO;] -[HCO]] (13)
The numerical algorithm calculates the hydrogen ion concentration and solution ionic strength at each time step.
This process is simplified by the fact that several of the terms in (13) (i.e., [NH2•], [HSO•], [SO42'], [HCO•], [HCO•], and [NO•]) can be calculated as functions of [H +]
and by the fact that the concentrations of the base cations ing the depletion of H202 and by allowing for the time-dependent dilution of plume SO 2 using parameterizations of vertical and lateral plume dispersion coefficients obtained from Karacostas [1978] . Relative to the model results shown in Table 8 and excluding cases associated with the value of t R greater than 8.7 min (discussed below), the averaged increases in the predicted values of total Di•2o • and Yso4 were +26% and +21%, respectively. These biases are equal to or smaller than the experimental uncertainties reported in Table 1 Table 2 ) and factor of 2 or larger increases in wind speed between Brush Creek and the western summit of Elk Mountain, it is likely that the time over which the actual SO 2 plume interacted with regions of large LWC and low temperatures, factors favoring the production of sulfate via the H202/S(IV ) pathway, was considerably shorter than predicted. For these nine cases the effect of mixing appears to be exaggerated. Overall, it appears that mixing introduces an inaccuracy in the comparison of the model predictions and the field measurements that is comparable to the experimental uncertainties.
Total oxidant depletion is the sum of the in-cloud
Comparison With Other Results
In contrast with the dominance of H202/S(IV ) and O2/S(IV ) pathways in our results, other investigators found that ozone is responsible for a significant fraction of sulfate production in orographic clouds. Hegg and Hobbs [1982] conducted airborne measurements of sulfate production near orographic clouds in western Washington Stateø They found agreement between derived values of sulfate production rate (corrected for mass transport limitations at pH values > 4.6) and reaction rates predicted by the kinetic rate expression for the O3/S(IV ) reaction [Hoffmann, 1986] 
